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ABSTRACT
Similar to their low-mass counterparts, massive stars likely form via the collapse of pre-stellar molec-
ular cores. Recent observations suggest that most massive cores are subvirial (i.e., not supported by
turbulence) and therefore are likely unstable to gravitational collapse. Here we perform radiation hy-
drodynamic simulations to follow the collapse of turbulent massive pre-stellar cores with subvirial and
virialized initial conditions to explore how their dynamic state affects the formation of massive stars
and core fragmentation into companion stars. We find that subvirial cores undergo rapid monolithic
collapse resulting in higher accretion rates at early times as compared to the collapse of virialized
cores that have the same physical properties. In contrast, we find that virialized cores undergo a
slower, gradual collapse and significant turbulent fragmentation at early times resulting in numerous
companion stars. In the absence of strong magnetic fields and protostellar outflows we find that the
faster growth rate of massive stars that are born out of subvirial cores leads to an increase in the
radiative heating of the core thereby further suppressing fragmentation at early times when turbulent
fragmentation occurs for virialized cores. Regardless of initial condition, we find that the massive
accretion disks that form around massive stars dominant the accretion flow onto the star at late times
and eventually become gravitationally unstable and fragment to form companion stars at late times.
Keywords: methods: numerical — stars: formation — stars: massive — turbulence
1. INTRODUCTION
Massive stars play an essential role in the Universe.
Their explosive deaths produce most of the heavy ele-
ments, enriching the interstellar medium (ISM) and fu-
ture generations of stars. They are rare, yet the energy
and momentum they inject into the ISM dwarfs the con-
tribution of their more numerous low-mass cousins. This
stellar feedback may set an upper limit on stellar masses,
thereby affecting elemental abundances in the Universe.
While the universal importance of massive stars is well
understood the initial conditions, accretion history, and
time span of their formation remains debated.
Corresponding author: Anna Rosen
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Massive stars form in dense (& 104 − 106 cm−3), cold
(∼10 K) turbulent gas within giant molecular clouds
and giant massive filaments (e.g., Smith et al. 2009;
Zhang et al. 2015; Williams et al. 2018). These con-
densations, commonly called clumps, have masses rang-
ing from a ∼few tens to 105 M and sizes of ' 0.5 − 2
pc in the Milky Way (e.g., Urquhart et al. 2018). The
most massive (i.e., those with M & 103 M) and qui-
escent of these clumps have high surface densities with
Σ & 0.05 g cm−2 and are likely the sites of massive star
and protocluster formation (Traficante et al. 2015).
These clumps host massive pre-stellar cores with typ-
ical sizes of 0.1 pc, which is a requirement for the Tur-
bulent Core model for massive star formation (McKee
& Tan 2003). In this model, massive stars form in a
similar fashion to their low-mass counterparts via the
monolithic collapse of massive pre-stellar cores that are
supported by turbulence rather than thermal motions
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(McKee & Tan 2003). The stability of these cores
can be described by their virial parameter given by
αvir = 5σ
2
1DRc/GMc where σ1D is the core’s 1D velocity
dispersion and Mc and Rc are the core mass and radius,
respectively (Bertoldi & McKee 1992). Neglecting ex-
ternal pressure and magnetic fields, cores with αvir & 1
are stable against gravitational collapse whereas those
with αvir < 1 are subvirial and unstable to collapse.
The Turbulent Core model requires that massive pre-
stellar cores are in approximate virial equilibrium (i.e.,
αvir ' 1). These cores then become marginally unstable
to collapse to form a massive star or massive multiple
system. The resulting formation time scale is several
times the core free-fall time scale (tff . 105 yr) and the
high degree of turbulence causes clumping, resulting in
high accretion rates (M˙acc ∼ 10−4 − 10−3 M s−1) that
can overcome the radiation pressure associated with the
star’s large luminosity (McKee & Tan 2003). In agree-
ment with this picture, observations show that massive
cores live in highly pressurized environments and have
non-thermal turbulent motions that dominate over ther-
mal motions (e.g., Plume et al. 1997; Tan et al. 2013;
Zhang & Tan 2015; Zhang et al. 2015; Liu et al. 2018a).
Additionally, due to the core’s high angular momentum
content, an optically thick accretion disk forms around
the accreting massive star as the core collapses and de-
livers material at high rates via gravitational torques to
the star (Yorke & Sonnhalter 2002).
On smaller scales, massive clumps and cores frag-
ment into pre-stellar cores via turbulent fragmentation
that have masses larger then the mass and length scale
dictated by thermal Jeans fragmentation (Jeans 1902;
Padoan et al. 2001; Padoan & Nordlund 2002; Offner
et al. 2009; Zhang et al. 2009; Wang et al. 2014). Addi-
tionally, observations of massive protostellar cores show
that they further undergo thermal Jeans fragmentation
(e.g., Palau et al. 2015; Beuther et al. 2019). Such frag-
ments may be the pre-cursers of low-mass pre-stellar
cores that can accrete from the surrounding unbound gas
to form massive stars as described by the Competitive
Accretion model (Bonnell et al. 2001; Bonnell & Bate
2006). This model posits that a low-mass protostellar
seed will accrete unbound gas within the clump as deter-
mined by its tidal limits and when it becomes massive
enough it will then accrete at the Bondi-Hoyle accretion
rate, M˙?,BH ∝ v−3 where v is the relative velocity of the
gas. This model achieves high accretion rates onto the
protostar under subvirial initial conditions, in contrast
to the virialized conditions of the Turbulent Core model,
since the gas velocity dispersion, and hence the level of
turbulence, is low. While both models can achieve the
high accretion rates required for massive star formation,
the specific initial conditions of the gas out of which they
form will set the stage for the fragmentation properties
of pre-stellar cores and the accretion history of massive
stars.
One way to determine the initial conditions of massive
star formation is to study the demographics of massive
starless clumps and cores. Most studies have found that
massive cores are typically subvirial and should collapse
within a gravitational free-fall time if the cores are not
supported by magnetic fields (e.g., Motte et al. 2007; Pil-
lai et al. 2011; Kauffmann et al. 2013; Sa´nchez-Monge
et al. 2013; Battersby et al. 2014; Lu et al. 2015; Zhang
et al. 2015; Henshaw et al. 2016; Contreras et al. 2018;
Liu et al. 2018b; Traficante et al. 2018a,b; Williams et al.
2018). In contrast, there have only been a few obser-
vational studies that have discovered virialized candi-
dates (e.g., Tan et al. 2013; Kainulainen & Tan 2013;
Liu et al. 2018b). If most massive cores are subvirial,
then magnetic fields may provide additional support
against collapse. Observations suggest that strong mag-
netic fields of the order of ∼ 1 mG are required for
stabilizing massive pre-stellar cores. However, obser-
vations have demonstrated that magnetic pressure in
dense, molecular gas is dynamically sub-dominant to
gravity (Crutcher et al. 2010).
The dynamic state of massive cores will affect how
mass is gathered to the star. Is most of the mass gath-
ered via the direct global collapse of subvirial cores or
is it slowly accumulated from the turbulent collapse of
roughly virialized cores? The purpose of this work is
to understand how the initial state of the pre-stellar
core affects the growth of the resulting massive star
and fragmentation of the core. However, massive stars
are rare and form in highly embedded regions, there-
fore capturing the early moments of their formation and
following how their mass is accreted onto the star is
observationally challenging. They also have large lu-
minosities throughout their formation since they con-
tract to the main sequence while they are actively ac-
creting and therefore radiation pressure is an important
feedback mechanism during their formation (Larson &
Starrfield 1971; Wolfire & Cassinelli 1987). Instead, we
must turn to multi-dimensional radiation-hydrodynamic
(RHD) numerical simulations to study the early forma-
tion of massive stars.
Additionally, the accretion rate onto the massive star
throughout the star formation process and the degree
of core fragmentation into companions is likely depen-
dent on the initial core properties such as the initial
degree of turbulence and virial parameter. We inves-
tigate this effect here by performing three-dimensional
RHD numerical simulations of the collapse of subvirial
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and virialized turbulent massive pre-stellar cores. The
simulations presented in this work are still highly ideal-
ized since we do not include magnetic fields or outflows,
which will be addressed in future work. This paper is
organized as follows: we describe our numerical method-
ology and simulation design in Section 2, we present and
discuss our results in Sections 3 and 4, respectively. Fi-
nally, we conclude in Section 5.
2. SIMULATION DETAILS
In this paper, we simulate the gravitational collapse
of isolated turbulent massive pre-stellar cores using the
ORION adaptive mesh refinement (AMR) code (Li et al.
2012) to understand how their stability affects their frag-
mentation and the formation history of massive stars.
We summarize the numerical methods, including the
equations we solve in the ORION code, our refinement
criteria, and how we treat the stellar radiation field in
Section 2.1. We present the initial and boundary con-
ditions for our simulations in Section 2.2. We refer the
reader to Paper I for more details on the numerics and
overall algorithm (e.g., see Section 2.5 of Paper I) since
the physics included and the numerical methods used
in this work are identical except where specified be-
low. The initial conditions and numerical parameters
are summarized in Table 1.
2.1. Numerical Methods and Refinement Criteria
ORION uses the Chombo toolset to solve par-
tial differential equations on block-structured AMR
meshes (Adams et al. 2015) and solves the equa-
tions of gravito-radiation-hydrodynamics in the two-
temperature, mixed-frame flux-limited diffusion (FLD)
approximation on a Cartesian adaptive grid (Krumholz
et al. 2007). These equations are given by
∂ρ
∂t
= −∇ · (ρv)−
∑
i
M˙iW (x− xi) (1)
∂ (ρv)
∂t
=−∇ · (ρvv)−∇P − ρ∇φ− λ∇ER
+
∑
i
[p˙rad,i − p˙iW (x− xi)] (2)
∂ (ρe)
∂t
=−∇ · [(ρe+ P )v]− ρv · ∇φ− κ0Pρ(4piB − cER)
+λ
(
2
κ0P
κ0R
− 1
)
v · ∇ER −
(
ρ
mp
)2
Λ(Tg)
+
∑
i
[ε˙rad,i − ε˙iW (x− xi)] (3)
∂ER
∂t
=∇ ·
(
cλ
κ0Rρ
∇ER
)
+ κ0Pρ (4piB − cER)
−λ
(
2
κ0P
κ0R
− 1
)
v · ∇ER −∇ ·
(
3−R2
2
vER
)
+
(
ρ
mp
)2
Λ(Tg). (4)
dMi
dt
= M˙i (5)
dxi
dt
=
pi
Mi
(6)
dpi
dt
= −Mi∇φ+ p˙i (7)
∇2φ = 4piG
[
ρ+
∑
i
Miδ(x− xi)
]
. (8)
Here, ρ is the gas density, ρv is the gas momentum, ρe
is the total internal plus kinetic gas energy density, and
ER is the radiation energy density in the rest frame of
the computational domain, κ0P and κ0R are the Planck
and Rosseland mean opacities of the dust-plus-gas fluid,
B is the blackbody function, Λ is the rate of gas cooling
that takes into account line and continuum processes for
gas at temperatures above & 103 K, λ is the flux-limiter,
and R2 is the Eddington factor. For more information
on the flux-limiter, Eddington factor, hot gas cooling
rate, and choice of dust opacities, we refer the reader to
Paper I.
In addition to the fluid, ORION contains Lagrangian
sink particles used to represent radiating (proto)stars,
indexed by subscript i, where each particle i is described
with a mass mi, position xi, and momenta pi. Addition-
ally, the particles accrete gas at a rate M˙i within four
fine-level cells (i.e., the accretion around each star par-
ticle as weighted by the weighting kernel W (x− xi) de-
scribed in Krumholz et al. (2004)). We refer the reader
to Paper I for our description of our merging criterion
for star particles when they pass within one accretion
radius of each other.
Equations 1-4 describe conservation of gas mass, gas
momentum, gas total energy, and radiation total energy.
Equations 5-7 describe how the star particles mass, ve-
locity, and momenta are updated as they accrete mass
and interact gravitationally with the surrounding fluid.
Here φ is the gravitational potential that obeys the Pois-
son equation, given by Equation 8, that includes contri-
butions from both the fluid and star particles. We also
assume an ideal equation of state so that the gas pres-
sure is
P =
ρkBT
µmH
= (γ − 1) ρeT, (9)
where T is the gas temperature, µ is the mean molecular
weight, γ is the ratio of specific heats, and eT is the
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thermal energy of the gas per unit mass. We take µ =
2.33 and γ = 5/3 that is appropriate for molecular gas of
solar composition at temperatures too low to excite the
rotational levels of H2. The fluid is a mixture of gas and
dust, and at the high densities that we are concerned
with the dust is thermally coupled to the gas, allowing
us to assume that the dust temperature is the same as
the gas temperature.
Each star particle includes a model for protostel-
lar evolution used to represent them as radiating pro-
tostars with frequency dependent stellar luminosities
(Lejeune et al. 1997; Hosokawa & Omukai 2009; Offner
et al. 2009; Rosen et al. 2016). In order to prop-
erly model both the direct and indirect radiation pres-
sure we use the HARM2 algorithm presented in Rosen
et al. (2017). HARM2 uses a frequency-dependent adap-
tive long-characteristics ray-tracing scheme that accu-
rately solves the radiative transfer equation along rays
to model the radial stellar radiation field from stars that
is absorbed by dust and is coupled to a grey moment
method, in our case FLD, which models the dust re-
processed thermal radiation field intrinsic to the dusty
fluid. The energy and momentum absorbed from the
stellar radiation field, including contributions from the
accretion luminosity,
Lacc = frad
GM?M˙?
R?
, (10)
by the dust are added at a rate of ˙rad,i and p˙rad,i for
particle i as shown in equations 2-3. Here frad is the
fraction of the gravitational potential energy of the ac-
cretion flow that is converted to radiation and we take
frad = 3/4 following Offner et al. (2009) and M? and R?
are the star’s mass and radius, respectively. We use the
frequency dependent dust opacities from Weingartner &
Draine (2001) and divide the stellar spectrum and dust
opacities into ten frequency bins (e.g., see Figure 1 in
Paper I). To reduce the computational cost, the rays
adaptively split to conserve solid angle as they prop-
agate radially away from their sources. We refer the
reader to Krumholz et al. (2007), Paper I, and Rosen
et al. (2017) for a complete description of our treatment
of the direct and indirect radiation pressures modeled in
this work.
For each simulation we begin with a base grid with
volume (0.4 pc)3 discretized by 1283 cells and allow for
five levels of refinement resulting in a maximum resolu-
tion of 20 AU. As the simulation evolves, the AMR algo-
rithm automatically adds and removes finer grids based
on certain refinement criteria set by the user. Follow-
ing Paper I, we refine cells if they meet at least one of
the following criteria: (1) any cell on the base level (i.e.,
level 0) that has a density equal to or greater than the
core’s edge density so that the entire prestellar core is
refined to level 1; (2) any cell where the density in the
cell exceeds the Jeans density given by
ρmax,J =
piJ2maxc
2
s
G∆x2l
(11)
where cs =
√
kBT/(µmH) is the isothermal sound speed,
∆xl is the cell size on level l, and Jmax is the maximum
allowed number of Jeans lengths per cell, which we set
to 1/8 (Truelove et al. 1997); (3) any cell that is located
within at least 8 cells of a sink particle; and (4) any
cell within which the radiation energy density gradient
exceeds |∇ER| > 0.15ER/∆xl (i.e., where the radiation
energy density changes by more than 15% over the size
of a single cell). This procedure is repeated recursively
on all levels after every two level updates. Finally, a sink
particle can only be created when the Jeans density is
violated on the finest level in which we take Jmax = 1/4
in Equation (11) following the artificial fragmentation
tests of Truelove et al. (1997) that found that values of
J . 1/4 causes artificial fragmentation to be avoided in
gravitational collapse simulations. When a cell on the
finest level exceeds the Jeans density we place a sink
particle in that cell whose mass is the excess matter in
that cell. The new sink particle will evolve according to
equations 5-7.
2.2. Initial and Boundary Conditions
In this work, we perform two simulations that are
identical in every way except for their initial one-
dimensional velocity dispersion (σ1D) in order to de-
termine how the dynamic state of the star-forming
core (i.e., virialized versus subvirial) affects their frag-
mentation and the growth of massive stars. Following
Paper I, we begin with an isolated pre-stellar core of
molecular gas and dust, where we assume a dust-to-gas
ratio of 0.01, with mass Mc = 150 M, radius Rc = 0.1
pc, and initial gas temperature of 20 K corresponding to
a surface density of Σ = Mc/piR
2
c = 1 g cm
−2 consistent
with extreme massive star-forming environments such
as W49, Sgr B2, W51, and Cygnus X1 and massive core
densities (e.g., Galva´n-Madrid et al. 2013; Ginsburg
et al. 2015, 2018; Cao et al. 2019). The corresponding
mean density of the core is ρ¯ = 2.4 × 10−18 g cm−3
(1.2× 106 H nuclei cm−3) and its characteristic free-fall
collapse time scale is tff ≈ 42.6 kyr. The core follows a
density profile ρ(r) ∝ r−3/2 in agreement with observa-
tions of massive cores at the ∼0.1 pc scale and clumps
at the ∼1 pc scale that find values of κρ = 1.5− 2 (e.g.,
Caselli & Myers 1995; Beuther et al. 2002; Mueller et al.
2002; Beuther et al. 2007; Zhang et al. 2009; Longmore
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Table 1. Simulation Parameters
Run SubVir Vir
Initial Physical Parameters
Virial Parameter a αvir 0.14 1.1
Cloud Mass [M] Mc 150 150
Cloud Radius [pc] Rc 0.1 0.1
Surface Density [g cm−2] Σ 1 1
EOS Index b n 5/3 5/3
Temperature [K] Tc 20 20
Sound speed [km s−1] cs 0.27 0.27
Mean Density [10−18 g cm−3] ρ¯cl 2.4 2.4
Mean Free-fall Time [kyr] tff 42.8 42.8
Power Law Index κρ 1.5 1.5
3D Velocity Dispersion [km s−1] c 〈σ3D〉V 0.73 2.1
1D Velocity Dispersion [km s−1] c, d 〈σ1D〉V 0.42 1.2
Mach Numbere M 1.6 4.5
Specific Angular Momentum [1019 cm2 s−1] Jspec 5.00 21.6
Numerical Parameters
Domain Length [pc] Lbox 0.4 0.4
Base Grid Cells N0 128
3 1283
Maximum Level lmax 5 5
Minimum Cell Size [AU] ∆xlmax 20 20
Jeans Length Refinement Jmax 0.125 0.125
ER Gradient Refinement ER/∆x 0.15 0.15
Accretion Radius [AU] 4∆xlmax 80 80
Simulation Outcomes
Simulation Time [tff ] 0.87 0.96
Massive Star Mass [M] 61.7 51.95
Number of Sinks f 3 18
Total Companion Star Mass [M] 0.25 14.1
a αvir = 5〈σ1D〉2VRc/GMc
b Equation of state: P ∝ ρn.
cVolume-weighted
d σ1D = σ3D/
√
3
e M = 〈σ1D〉V /cs
fFinal number of sinks with masses greater than 0.01 M.
et al. 2011; Butler & Tan 2012; Battersby et al. 2014;
Stutz & Gould 2016). Each core is placed in the center
of a 0.4 pc box that is filled with hot, diffuse gas with
density ρamb = 0.01ρedge where ρedge is the density at
the core boundary and temperature Tamb = 2000 K so
that the core is isolated and is in thermal pressure bal-
ance with the ambient medium. We set the opacity of
the ambient medium to zero (i.e., the ambient medium
is dust-free).
We include turbulence by seeding the initial gas ve-
locities (vx, vy, and vz) with a velocity power spectrum,
P (k) ∝ k−2, as is expected for supersonic turbulence
(Padoan & Nordlund 1999; Boldyrev 2002; Cho & Lazar-
ian 2003; Kowal et al. 2007). We include modes between
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Subvir SubvirVir Vir
Figure 1. Density slices along the yz-plane of a collapsing, turbulent pre-stellar core into a massive stellar system for runs
SubVir (far left column) and Vir (center left column) with velocity vectors over plotted. The velocity vectors are scaled as
√
v
in units of km/s and we only over plot vectors for densities ≥ 5× 10−20 g cm−3. The two right columns show the corresponding
slices of the Eddington ratios (fEdd = Frad/Fgrav) for runs SubVir (middle right column) and Vir (right-most column). Each
panel is (50 kAU)2 with the center of each panel corresponding to the location of the most massive star that has formed. The
time of the simulation and mass of the most massive star are given in the top-left corner of the far left panels and the bottom
left corner of the two left panels of each row, respectively.
kmin = 1 to kmax = 256 and take the turbulence mixture
of gas to be 1/3 compressive and 2/3 solenoidal, which is
consistent for the natural mixture of a 3D fluid (Kowal
et al. 2007; Kowal & Lazarian 2010). The onset of turbu-
lence modifies the density distribution and we allow the
turbulence to decay freely. For both simulations, we use
the same velocity perturbation power spectrum at ini-
tialization but set the initial σ1D amplitude to two differ-
ent values: our virial run, Vir, has σ1D = 1.2 km/s cor-
responding to αvir = 1.1 andM = 〈σ1D〉m/cs = 4.4 and
our subvirial run, SubVir, is initialized with σ1D = 0.42
km/s yielding αvir = 0.14 and M = 1.6.1 We note that
allowing the turbulence to decay is somewhat unrealis-
tic. However, this simplification should have little effect
on our results since the decay timescale, ≈ D/σ1D where
D is the core diameter (Goldreich & Sridhar 1995), is
∼0.16 Myr and ∼0.46 Myr for runs Vir and SubVir,
respectively; which are much longer than the runtime
for both simulations presented in this work. Therefore,
we expect that allowing the turbulence to decay should
have a negligible effect on our results.
1 We note that run SubVir is the same run as TurbRT+FLD from
Paper I.
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Our boundary conditions for the radiation, gravity,
and hydrodynamic solvers are as follows. For each radi-
ation update, we impose Marshak boundary conditions
that bathe the simulation volume with a blackbody ra-
diation field equal to E0 = 1.21× 10−9 erg cm−3 corre-
sponding to a 20 K blackbody but we allow radiation
generated within the simulation volume to escape freely
(Krumholz et al. 2009; Cunningham et al. 2011; Myers
et al. 2013; Rosen et al. 2016). We set the gravitational
potential, φ, to zero at all boundaries when solving equa-
tion 8 (Myers et al. 2013). Since the core boundaries are
far removed from the domain boundaries we do not ex-
pect this choice of boundary conditions to lead to any
significant square artifacts near the domain boundaries.
Finally, we impose outflow boundary conditions for the
hydrodynamic update by setting the gradients of the hy-
drodynamic quantities (ρ, ρv, ρe) to be zero at the do-
main when advancing equations 1-3 (Cunningham et al.
2011; Myers et al. 2013).
3. RESULTS
In this section, we describe and compare our results
for runs SubVir and Vir described in Section 2.2 and
summarized in Table 1. Run SubVir was run on the
Hyades supercomputer located at UC Santa Cruz and
run Vir was run on the NASA supercomputer Pleiades
located at NASA Ames. We run each simulation to the
point where the simulation takes too long to evolve be-
cause the majority of the bubble shells are refined to
the finest level, severely increasing the computational
cost of the simulation. We use the yt package (Turk
et al. 2011) to produce all the figures and quantitative
analysis shown below.
3.1. Core Collapse Properties and Influence of
Radiative Feedback
We show a series of the density slices and the cor-
responding Eddington ratio slices, fEdd = Frad/Fgrav
where Frad is the total radiation force from both the stel-
lar and dust-reprocessed radiation fields and Fgrav is the
gravitational force, for runs SubVir and Vir in Figure 1.
The two left hand columns of Figure 1 show the den-
sity structure and collapse evolution along the yz−plane
with velocity vectors over-plotted for runs SubVir (left-
most column) and Vir (center left column), respec-
tively. These panels show that the pre-stellar core
in run SubVir undergoes a rapid, monolithic collapse
whereas the core in run Vir undergoes a gradual col-
lapse leading to a slower growth rate for the massive
star. At the end of run SubVir, t = 0.87 tff , the pri-
mary star has a final mass of 61.66 M whereas for run
Vir the primary star is significantly lower in mass with
a mass of 46.78 M at this time. This result suggests
that the collapse of subvirial cores, as compared to viri-
alized cores, may lead to massive stars that have larger
masses at birth.
The slower growth of the primary star in run Vir
occurs because the core envelope has a larger veloc-
ity dispersion and angular momentum content resulting
in greater support against direct gravitational collapse.
This is seen in the velocity vectors over-plotted on the
density slice plots that show a randomized orientation
in the core envelope whereas in run SubVir the velocity
vectors point radially towards the massive star demon-
strating that the core collapses monolithically. Instead,
for run Vir, the velocity vectors in the core envelope’s
low density regions are oriented towards the high density
flattened filaments that form out of the core’s turbulence
at early times. This effect causes the envelope material
to be accreted onto filaments rather than fall directly
towards the primary star.
At high stellar masses the radiation pressure associ-
ated with the massive star’s high luminosity launches
radiation pressure dominated bubbles that expand
away from the star, reducing the infall of material to
the accreting primary star (Yorke & Sonnhalter 2002;
Krumholz et al. 2009; Kuiper et al. 2011; Rosen et al.
2016). When this occurs an optically thick accretion
disk has formed around the massive star due to conser-
vation of angular momentum as the core collapses and
the bubbles are launched above and below the accretion
disk as material is funnelled to the massive star. These
low-density expanding bubbles are seen in the density
slice plots for both runs in Figure 1 at late times. We
find that they are not sustained until the primary stellar
mass reaches & 30M for both runs because the ram
pressure from the collapsing core material quenches the
bubbles at early times. However, as the stellar mass of
the primary star, and therefore its luminosity, increases
these bubbles expand and grow larger with time. These
bubbles occur in regions where fEdd  1 as shown in the
two right-hand columns of Figure 1. These panels show
that at early times (t = 0.4 tff), when the star is 19.59
M (13.82 M) for run SubVir (Vir) the inner regions
of the core nearest the primary star are super-Eddington
(i.e., fEdd > 1) but that the radiation pressure domi-
nated bubbles have not been launched yet for either
run at this point. This is because the acceleration of
the material is initially controlled by the gravitational
collapse of the core material and is falling towards the
star. Thus, it takes time for the radiation pressure to
overturn the accretion flow onto the star even though
the gas near the star is super-Eddington.
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Subvir
Vir
Figure 2. Thin projections of the gas radial velocity with respect to the primary star multiplied by the gas density to show
material that is moving towards (negative values of ρvr) and away from (positive values of ρvr) the star for runs SubVir (top
panels) and Vir (bottom panels) at different times. Each panel is (50,000 AU)2 in area and the projection is taken over a depth
of 1000 AU in front of and behind the massive star. The gray star at the center of each panel denotes the location of the massive
star.
As the primary star continues to grow in mass the
region of the core that becomes super-Eddington in-
creases in size. This is more apparent for run SubVir,
which leads to the majority of the core to become super-
Eddington at late times because the star is very massive
and therefore extremely luminous with a zero-age main
sequence luminosity of L? = 5.38× 105 L (Tout et al.
1996). The fEdd panels shown in Figure 1 also show that
the dense filaments that are inherent to the turbulent
structure of the core for both runs achieve fEdd . 1.
Thus, these filaments are able to self-shield from the
strong radiation pressure associated with the primary
star and can be incorporated into the star-disk system
as the core collapses.
To further illustrate the gravitational collapse of the
core and the launching of the low-density bubbles driven
by radiative feedback from the primary star we show
a series of thin projection plots of the radial momen-
tum, ρvr, of gas with respect to the primary star for
runs SubVir (top row) and Vir (bottom row) in the
yz−plane in Figure 2. Each projection is taken over a
depth of 1000 AU with the primary star at the center
of each panel. Values of positive ρvr denote gas that
is moving away from the primary star whereas nega-
tive values denote gas that is falling towards it. These
snapshots show the growth and expansion of the radi-
ation pressure dominated bubbles is perpendicular to
the accretion disk. The accretion disk is larger in size
in run Vir since the pre-stellar core has a larger angu-
lar momentum content due to its larger initial velocity
dispersion (e.g., see Table 1). This ‘flashlight’ effect al-
lows material to be funnelled to the star by the accre-
tion disk, as demonstrated by the negative values of ρvr
along the equatorial plane of the star, while the radia-
tive flux escapes along directions above and below the
disk (Yorke & Sonnhalter 2002). We describe the ac-
cretion disk structure and evolution in more detail in
Section 3.2.
For run SubVir, Figure 2 shows that the core under-
goes a more significant collapse than run Vir in agree-
ment with the density slice plots in Figure 1 and that
the full core, at early times, is collapsing overall. This
leads to an overall higher density for the core in run
SubVir than the core in run Vir as the simulations
progress. In contrast, the radial momentum plots for
run Vir show that while the majority of the core, espe-
cially the inner parts, are collapsing towards the star a
significant portion of the outer envelope is expanding.
This is due to the higher degree of turbulence providing
support against collapse. As the envelope expands, its
velocity and density decreases with time. Eventually the
majority of the envelope begins to collapse towards the
primary star at late times. This Figure also shows that
the turbulence produces dense, optically thick filaments
as the core collapses. Since the core in run SubVir has a
low velocity dispersion and collapses immediately the fil-
aments are typically wider than those that are produced
in run Vir.
The evolution of the core expansion is shown in Fig-
ure 3, which shows the spherically averaged density pro-
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Figure 3. Density profiles for runs SubVir (left panels) and Vir (right panels). The dashed gray line in both panels shows the
initial density distribution of the core and the legend gives the mass of the primary star and simulation time. The top panels
show these profiles on a linear-log scale to highlight the density distribution of the core envelope. The bottom panels are plotted
in log-log scale to highlight the density structure of the inner part of the core.
files of the core as a function of radius for run SubVir
(top left panel) and run Vir (top right panel). The
gray dashed line in each panel denotes the initial den-
sity distribution of the core before the turbulent velocity
structure is added to the gas velocities (i.e., at t = 0),
described in Section 2.2. These panels present the den-
sity in log scale and the radius in linear scale to show
the overall density evolution of the cores and how tur-
bulence can modify the density distribution. As these
panels demonstrate the onset of turbulence causes the
cores to expand and the core gas at the core boundary
mixes with the ambient medium. While this effect is a
limitation due to treating our core as an isolated object
in pressure balance with a low-density ambient medium
it should have little effect on our results since the cores
undergo inside-out collapse (Shu 1977). For run SubVir
the expansion due to the onset of turbulence is small,
only increasing by ∼3 kAU (15% increase) in size. How-
ever, the onset of turbulence for run Vir causes the over-
all core to expand to ∼30 kAU (50% increase) at early
times and continues to expand as the simulation pro-
gresses. This is because the initial global velocity disper-
sion of the core in run Vir is a factor of ∼ 3 larger than
run SubVir. As these panels demonstrate, the core in
run Vir undergoes a less rapid inside-out collapse than
run SubVir because of the greater support from turbu-
lence. This causes the inner core collapse in run Vir to
be more gradual leading to a slower growth rate for the
primary star.
The bottom panels in Figure 3 show a zoom-in of the
inner density distribution of the cores in run SubVir
(bottom left panel) and run Vir (bottom right panel)
but now both panels are in log-log scale to highlight the
density distribution near the primary star. The inner
regions of the core collapse for both runs and this gas is
incorporated into the massive star or is blown away due
to the strong radiation pressure from the massive star.
We find that the inner density profile of the core for run
Vir is significantly larger in density at t = 0.60 tff as
compared to run SubVir for distances . 300 AU from
the massive star. This is because the radiation pres-
sure dominated bubbles have not been launched yet at
this time for run Vir but they have been launched in
run SubVir due to the larger stellar mass attained in
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a shorter amount of time (e.g., M? = 36.6 M for run
SubVir as compared to M? = 26.3 M for run Vir).
At late times (e.g., t = 0.80 tff and t = 0.87 tff) the av-
erage density of the radiation pressure dominated bub-
bles is significantly larger in run SubVir than the bub-
ble density of run Vir in agreement with the density
slice plots in Figure 1. This results in a larger over-
all radial momentum magnitude in the bubbles at late
times for run SubVir as compared to run Vir as shown
in Figure 2. To further show this we plot the same
radial momentum thin projection plots (top row) and
the mass-weighted density thin projection plots (bot-
tom row) along the yz-plane for both runs but at the
same stellar mass at the end of run Vir, which ran to
t = 0.95 tff at which point the primary star has a mass
of ∼ 52 M in Figure 4. Comparing these snapshots for
both runs shows that the radiation pressure dominated
bubbles that are above the star are approximately the
same size and that the bubbles below the primary star
differ in size, with the bottom bubble in run SubVir
being smaller than that in run Vir. This difference in
bubble sizes is due to the turbulent structure and larger
ram pressure of the infalling material that surrounds the
bubble in run SubVir. Furthermore, the radial momen-
tum in the radiation pressure bubbles in run SubVir are
larger in magnitude than the bubbles in run Vir because
the bubbles in run SubVir have a larger overall density
as shown in the bottom row of Figure 4. Since the overall
core density in run Vir is smaller in magnitude than run
SubVir as the cores evolve, radiation pressure is more
efficient at launching the gas leading to lower densities
in the bubbles.
We show thin projections of the mass-weighted den-
sity and temperature for runs SubVir (density: left hand
column, temperature: middle right column) and Vir
(density: center left column, temperature: right hand
column) in Figure 5 that show the growth of the radia-
tion pressure dominated bubbles and shell structure as
each simulation progresses. Each panel is (20,000 AU)2
in size and the depth of the projection is 1000 AU with
the massive star at the center of each panel. The low
density radiation pressure dominated bubbles eventually
become transparent to the stellar radiation field since
the bubbles exceed the dust sublimation temperature of
1500 K due to radiative heating from the massive star
(Semenov et al. 2003). When this occurs the majority
of the stellar radiation is absorbed in the dense bubble
shells and the momentum and energythereby accelerat-
ing the shells’ expansion.
The second (third) panel for run SubVir (Vir) show
that the shells of the low-density radiation pressure dom-
inated bubbles develop small scale turbulence as they
Figure 4. Thin projections of the gas radial momen-
tum, ρvr, with respect to the massive star (top row) and gas
density (bottom row) for runs SubVir (left panel) and Vir
(right panel) when the most massive star has a stellar mass
of ∼ 52 M corresponding to the final stellar mass in run
Vir. Each panel is (50,000 AU)2 in area and the projection
is taken over a depth of 1000 AU with the massive star at the
center. The gray circle at the center of each panel denotes
the location of the massive star and the two black arrows
on the top right panel denote two distinct infalling Rayleigh
Taylor fingers that penetrate the expanding top bubble.
expand. This turbulence may be due to the growth of
radiative Rayleigh Taylor (RT) instabilities that develop
in the dense shells. These instabilities occur at the in-
terface between two fluids of different densities in which
the fluid at the bottom of the interface is a lower-density
radiation pressure dominated fluid (e.g., the rarefied ra-
diation pressure dominated bubbles) that pushes on a
higher density, less radiatively dominated medium (e.g.,
the dense shells that surround these bubbles; Jacquet
& Krumholz 2011). In classical RT instability theory
(e.g., Chandrasekhar 1961), the amplitude η of linear
perturbations that develop due to corrugations or asym-
metries that form at the interface will grow with time
as η(t) ∝ expωt where
ω =
√
gk
ρ2 − ρ1
ρ2 + ρ1
(12)
and ρ1 and ρ2 are the densities at the interface (i.e.,
the shell and radiation dominated bubble, respectively),
g is the magnitude of the gravitational acceleration,
k=2pi/λ is the wave number, and λ is the wavelength
of the perturbation (Jacquet & Krumholz 2011). In
the limit where ρ2  ρ1, such as at the interfaces be-
tween the dense shells and low-density radiatively driven
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bubbles presented in this work, Equation 12 reduces to
ω ≈ √−gk. Hence, the interface becomes unstable when
ρ2 < ρ1.
As discussed in Paper I, the initial turbulence and
anisotropic absorption of the stellar radiation field seeds
the development of these perturbations that can grow
exponentially with time as the rarefied bubbles expand.
These instabilities may grow into RT fingers, as shown
in the right top panel Figure 4 that shows the radial mo-
mentum with respect to the star and shows two fingers
penetrating the top bubble. Comparison with the last
bottom panel in Figure 2 show that these fingers likely
originate from the two corrugations present in the top
bubble at this time. Eventually, these fingers may be
able to fall to the star-disk system and deliver material
to the star potentially aiding accretion unless radiation
pressure from the star overturns their infall. However,
given the computational expense we are unable to follow
the further evolution of the growth of these RT fingers to
determine if they will be incorporated into the star-disk
system.
3.2. Accretion History and Accretion Disk Evolution
Figure 6 shows the stellar mass (top panel) and accre-
tion rate (bottom panel) as a function of time for runs
SubVir and Vir. The accretion rate for the massive star
in run SubVir is larger by a factor of ∼ 2 as compared
to the accretion rate onto the massive star in run Vir
up to t ≈ 0.55 tff , resulting in a faster stellar growth.
The higher accretion rate achieved in run SubVir is a
result of the core’s global collapse as compared to run
Vir, which undergoes a slower collapse due to the addi-
tional turbulent support. At t ≈ 0.55 tff the accretion
rate onto the massive star in run Vir increases and be-
comes comparable to the accretion rate attained in run
SubVir and they remain comparable until t ≈ 0.75 tff .
Collapsing optically thick filaments inherent to the
core’s turbulent structure can lead to variable accretion
onto the star and also overcome the radiation pressure
barrier, delivering material to the star that would other-
wise be blown away. In this scenario, the radiative flux
escapes through low density channels while the denser
filaments can accrete onto the star (Rosen et al. 2016;
Goddi et al. 2018). As discussed in the previous Section,
the filaments in run SubVir are wider than those that
form in run Vir and begin to collapse instantly. This
results in an accretion rate onto the primary star that
grows in time and is relatively smooth up to t ≈ 0.55 tff .
For run Vir, the turbulence has more time to develop
thin, dense filaments before they collapse onto the star
as compared to run SubVir and the accretion of these
filaments causes the variability of the accretion rate onto
the star at early times (i.e., between t = 0.3− 0.55 tff).
This variability can increase the accretion rate by up to
a factor ∼2 for t . 0.55 tff .
At later times the accretion rate becomes much more
highly variable and can quickly increase by up to an
order of magnitude before dropping to lower values for
both runs. This increase in accretion variability is due
to accretion of infalling filaments and/or the inflow of
mass from gravitational torques induced in the accre-
tion disk. In order to determine which process domi-
nates the accretion variability we examine the evolution
and structure of the accretion disk for runs SubVir and
Vir. Figure 7 shows a series of density slices of the
accretion disk that forms around the massive star for
run SubVir (top row) and run Vir (bottom row) with
the velocity streamlines over-plotted showing that this
over-dense structure eventually undergoes circular mo-
tion around the central star. The massive star is at the
center of each panel, denoted by the yellow circle and
companion stars that are color-coded by mass are over-
plotted. These stars are formed via turbulent fragmen-
tation or via disk fragmentation, which we will describe
in more detail in Section 3.3. As these panels show a
noticeable high density accretion disk (i.e., an accretion
disk with a radius larger than the 80 AU accretion zone
radius of the sink particle that has a circular structure
and undergoes circular motion around the massive star)
begins to form around the massive star in run Vir at
t ≈ 0.4 tff whereas in run SubVir a noticeable accretion
disk does not begin to form until t ≈ 0.65 tff when the
star has a mass of 41.1 M. The accretion disk grows
in size as both simulations progress due to conservation
of angular momentum: as the core collapses, material
that is farther away from the massive star has a larger
net angular momentum and therefore will be circular-
ized at a distance farther from the star. The disk can
be disrupted due to the passage of companion stars as
seen in the third snapshot of the accretion disk projec-
tion for run Vir in Figure 7. However, after this occurs
and the core continues to collapse, infalling material is
circularized rebuilding the disk.
As the accretion disk grows in size and mass, it be-
comes gravitationally unstable and develops spiral struc-
ture. The gravitational torques induced delivers mate-
rial to the star (Kratter et al. 2008). This, in turn, leads
to a highly variable accretion rate as shown in the bot-
tom panel of Figure 6. Indeed, we see that the accretion
rate, while relatively smooth throughout most of the
simulation becomes highly variable for run SubVir for
t & 0.7tff and the magnitude of the variability increases
with time as the both the accretion disk and massive
star increase in mass. This variability in run SubVir oc-
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Subvir SubvirVir Vir
Figure 5. Thin density and mass-weighted temperature projections of the center of the collapsing core for runs SubVir
(density: left most column, temperature: center right column) and Vir (density: middle left column, temperature: right most
column). Each panel is (20,000 AU)2 with the center corresponding to the location of the most massive star. The projection is
taken over a depth of 1000 AU with the massive star at the center.
curs because the star and disk are orbiting around the
star-disk system’s center of mass and this further drives
gravitational torques in the disk that eventually lead to
disk fragmentation into companion stars. Likewise, we
see the same behavior for run Vir but this behavior be-
gins at earlier times, t ∼ 0.5tff , since the accretion disk
forms earlier than the disk in run SubVir. Hence, we
find that at late times for both runs most of the accre-
tion variability is due to how mass is driven from the
disk to the star via gravitational torques.
While most of the accretion variability is due to gravi-
tational torques in the accretion disk driving material to
the central massive star at late times, accretion variabil-
ity is also a result of infalling filaments and RT instabil-
ities that accrete onto the star-disk system. To deter-
mine this and differentiate it from accretion variability
attributed to the accretion disk we plot the ram pres-
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Figure 6. Primary stellar mass (top panel) and accretion
rate (bottom panel) for the most massive star formed in runs
SubVir (pink solid lines) and run Vir (teal dashed lines) as
a function of simulation time.
sure of the inflowing core material in Figure 8 for mate-
rial that is 1000 AU away from the star as a function of
primary stellar mass since the accretion disk radius is <
1000 AU throughout both simulations. To compute the
inflow ram pressure we take a sphere 1000 AU in radius
centered on the most massive star for each run. We com-
pute the area-weighted mean ram pressure (solid lines)
and the mass-flux-weighted mean ram pressure (dashed
lines) for inflowing material for runs SubVir (teal lines)
and Vir (pink lines). These quantities are defined by
〈Pram〉w =
∫
ρv2rwdA∫
wdA
(13)
where vr is the radial velocity, and the weighting func-
tion w is unity for the area-weighted average(〈Pram〉),
and we take w = ρvr for the mass-flux-weighted average
(〈Pram〉M˙) where we only include contributions from gas
that is inflowing to the star (i.e., vr > 0). We include
the mass-flux-weighted mean ram pressure because it is
a better representation of the ram pressure of the mate-
rial that can be accreted onto the star.
Throughout the simulation, the ram pressure of the
inflowing material is larger for run SubVir except at
points when the accretion rate onto the star jumps sig-
nificantly for run Vir. These jumps in ram pressure are
much more pronounced in the mass-flux-weighted mean
ram pressure and can cause it to jump by up to ∼ 3
orders of magnitude. By comparing these ram pressure
spikes in run Vir with the accretion rate shown in the
bottom panel of Figure 6, we find that these spikes cor-
respond to large jumps in the accretion rate. Hence, we
find that the turbulent structure of the core can lead to
highly variable accretion onto the massive star for run
Vir but is negligible for run SubVir. This is likely be-
cause the core in run Vir develops a more filamentary
structure than the core in run SubVir because the core
does not undergo instantaneous collapse and therefore
has more time for supersonic shocks to collide to form
more thin, dense filaments.
3.3. Core and Disk Fragmentation into Companion
Stars
Companion stars can form via turbulent fragmenta-
tion or disk fragmentation. Turbulent fragmentation
occurs in molecular clouds when supersonic shocks col-
lide and form high density thin sheets and elongated
structures surrounded by low-density voids (i.e., fila-
ments). Dense parts of these structures fragment into
dense clumps and cores when they become Jeans’ unsta-
ble (Padoan & Nordlund 2002). The hierarchical frag-
mentation continues until stars form inside the dense
cores. Since the filaments are due to the collision of
supersonic shocks in the ISM, the degree of fragmen-
tation depends on the velocity dispersion and therefore
the virial state of the core. We find that the core in run
Vir undergoes significant turbulent fragmentation but
the core in run SubVir does not undergo any turbulent
fragmentation as shown in Figure 9 that shows the total
mass and number of companion stars as a function of
time for runs SubVir (teal lines) and Vir (pink lines).
The pre-stellar core in run Vir has a larger initial veloc-
ity dispersion than the core in run SubVir and therefore
provides support against collapse allowing time for the
filaments to form and then undergo longitudinal collapse
(i.e., collapse modes that are parallel to the symmetry
axis of the filament) due to their self-gravity (Bastien
1983). In contrast, the core in run SubVir has less su-
personic shocks due to its weaker turbulence and lower
M. Because of these effects and aided by the fact that
the core in run SubVir instantly collapses, high-density
filaments that form do not have enough time to develop
thin, elongated structures that can then collapse into
stars since their motions are dominated by infall towards
the primary star. Therefore, they do not become Jeans
unstable and fragment into low-mass companion stars.
As Figure 9 shows, the core in run Vir starts to
fragment into companion stars via turbulent fragmen-
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Subvir
Vir
Figure 7. Mid-place density slices of the accretion disk in run SubVir (top row) and Vir (bottom row) showing the disk’s
time evolution. Each panel represents a projection of the accretion disk, with the most massive star at the center of the panel
(yellow circle), that is (2000 AU)2 in size. Velocity streamlines and companion stars with masses greater than 0.04 M are
over-plotted on all panels.
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Figure 8. Comparison of the area-weighted (solid lines)
and mass-weighted ram pressure (dashed lines) for run
SubVir (teal lines) and run Vir (pink lines) from inflowing
material taken over a 1000 AU sphere surrounding the ac-
creting primary star as a function of stellar mass. See main
text for full details on how these averages are defined.
tation at t ≈ 0.35 tff , forming eight companion stars
by t ≈ 0.60 tff . After that, turbulent fragmentation
into companion stars for run Vir is suppressed. This
is likely due to the enhanced radiative heating of the
core material by the massive star when the star reaches
∼ 25M, which we describe in more detail in the next
subsection. At t ≈ 0.87 tff the formation rate of com-
panion stars is greatly enhanced due to disk fragmen-
tation, nearly doubling the number of companion stars
by a factor of two by t ≈ 0.9 tff . This occurs because
the disk becomes gravitationally unstable because the
massive star and disk are orbiting their common center
of mass. The gravitational torques induced in the disk
drive high density spiral waves that can become Jeans’
unstable and collapse to form disk borne stars (Krat-
ter & Matzner 2006). Referring back to Figure 7 and
Figure 9, we see that the accretion disk in run SubVir
begins to fragment at the end of the simulation, forming
two companion stars with M? > 0.04 M (i.e., the mass
that we initialize our protostellar model).
To demonstrate how the accretion disk becomes un-
stable and fragments to form close-in companion stars
we show the disk surface density (left panels) and disk
Toomre Q parameter (right panels) for the final snap-
shots of runs SubVir (top row) and Vir (bottom row)
in Figure 10. The Toomre Q parameter is given by
Q =
csκ
piGΣ
(14)
where cs is the sound speed, κ is the epicyclic frequency
which is equal to the angular velocity Ω for a Keplerian
disk, and Σ is the disk surface density (Toomre 1964).
Values of Q < 1 denote locations where the disk is unsta-
ble to gravitational collapse whereas regions with Q > 1
are stable and not prone to collapse. For run Vir, the
majority of the disk has Q < 1 and the disk has frag-
mented into several low-mass companion stars by this
time. We also note that the final disks in both simula-
tions are relatively massive with masses of ∼ 10.5 M
for run SubVir and ∼ 9.4 M for run Vir and they are
still being fed by the collapsing core at this time.
Most of the disk-borne stars in run Vir are very low-
mass, as shown in the histogram in Figure 11 that shows
the distribution of stellar masses for the companion stars
before disk fragmentation (top panel) compared to the
final distribution of companion star masses at the end of
the simulation (bottom panel). The bottom panel shows
that the newly formed disk borne stars have masses
. 0.2 M whereas several of the stars that formed via
turbulent fragmentation have attained masses & 1 M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Figure 9. Total mass and number of companion stars
as a function of time for runs SubVir and Vir. The solid
lines (dashed lines) show the total companion stellar mass
(number of companion stars) for runs SubVir (teal lines) and
Vir (pink lines).
Vir Vir
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Figure 10. Final snapshot of the surface density (left pan-
els) and Toomre Q parameter (right panels) of the accretion
disk in runs SubVir (top row) and Vir (bottom row). Each
panel is (3000 AU)2 in size. The projection is taken over a
height of 1000 AU above and below the massive star and the
massive star is located at the center of each panel. Regions
of the disk with Q < 1 denote locations that are unstable to
gravitational collapse.
by the end of the simulation. At the end of both simu-
lations we find that they consist of a hierarchical system
that contains a massive primary and a series of low-
mass companions instead of a massive binary system.
This may also be attributed to our treatment of merg-
ing sink particles because we do not merge sink particles
once their mass exceeds 0.04 M and therefore our strict
merging criteria may lead to an excess of low-mass com-
panions, which we discuss further in Section 4.
3.4. Evolution of the Core Properties
We show the average mass-weighted core velocity dis-
persion (top row) and temperature (bottom row) as a
function of primary stellar mass (left column) and time
(right column) for runs SubVir (teal solid lines) and
Vir (pink dashed lines) in Figure 12, respectively. We
plot these values as a function of both simulation time
and primary stellar mass because time is a good proxy
to follow these properties as the core collapses whereas
primary stellar mass traces the impact of stellar feed-
back. As Traficante et al. (2018a) noted infall motions
leads to an increase in the velocity dispersion in col-
lapsing clouds. In agreement, we see that the rapid col-
lapse of the core in run SubVir causes the core’s mass-
weighted velocity dispersion to become larger than the
mass-weighted velocity dispersion in run Vir beginning
at t ≈ 0.2 tff when the primary star is ∼few M such
that radiative feedback is unimportant at this time. The
velocity dispersion for run SubVir continues to increase
and remains larger than the velocity dispersion in run
Vir until the star has a reached a mass of ∼ 25 M. At
this stellar mass for both runs radiative feedback from
the massive star becomes super-Eddington and launches
radiation pressure dominated bubbles along the polar
directions of the star. As these bubbles expand they be-
come RT unstable and drive turbulence in the shells as
shown in the thin mass-weighted density projections for
runs SubVir (left most column) and Vir (center left col-
umn) in Figure 5 (e.g., Krumholz & Thompson 2012),
thereby increasing the overall core’s velocity dispersion
in both runs. Hence, we find that both gravitational
infall and radiative feedback can lead to an increase in
the overall velocity dispersion of the cores.
Similarly, gravitational collapse and radiative feed-
back also increases the global core temperature as shown
in the bottom panels of Figure 12. As the cores in runs
SubVir and Vir collapse and the primary stars grow in
mass their overall mass-weighted temperature increases
with time, however we see that this effect is much more
pronounced for run SubVir up to t ≈ 0.6 tff (correspond-
ing to M? ∼ 25 M for the primary star in run SubVir)
in agreement with the behavior seen in the core’s ve-
locity dispersion. As described in Section 3.3, turbulent
fragmentation for run Vir occurs during t ≈ 0.35−0.6 tff
but no turbulent fragmentation occurs for run SubVir
during this time. Radiative heating reduces fragmenta-
tion and therefore we find that both radiative heating
from the more massive star in run SubVir and enhanced
heating due to collapse also suppresses fragmentation of
the core in run SubVir as compared to run Vir (Offner
et al. 2009). As the primary star becomes more massive,
making radiative heating more important, the core tem-
perature continues to increase for both runs. However,
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Figure 11. Histogram of the stellar masses of the compan-
ion stars that form in run Vir right before the disk undergoes
significant fragmentation (top panel) and at the end of the
simulation (bottom panel). The top right corner of each
panel lists the time and primary stellar mass.
radiative feedback is more efficient at heating the core
for run Vir when the star has a mass of ∼25 to ∼37 M.
At higher stellar masses the temperature is comparable
for both simulations. Hence, we find that at early times
gravitational collapse can lead to higher core tempera-
tures whereas at late times and high stellar masses the
overall increase in the core temperature is due to stellar
feedback.
4. DISCUSSION
The purpose of this work is to understand how the
initial dynamic state of the core affects the accretion
history of massive stars, core fragmentation, and for-
mation of companion stars. Most notably we find that
highly subvirial pre-stellar cores undergo rapid, mono-
lithic collapse and no turbulent fragmentation whereas
virialized cores undergo a slower, more gradual collapse
and significant fragmentation thus forming a small clus-
ter of stars. In what follows, we discuss how the pre-
stellar core’s virial state affects the growth rate of mas-
sive stars and core fragmentation in Section 4.1.1 and
how disk fragmentation can produce close-in companion
stars in Section 4.1.2. The simulations presented here do
not include magnetic fields which are ubiquitous in mas-
sive star forming regions and are therefore an important
ingredient in the star formation process. In light of this,
we discuss our motivation for neglecting them, what ef-
fect we expect magnetic fields to play in the collapse of
massive cores into massive stellar systems, and our plans
to include them and other forms of stellar feedback such
as collimated outflows in future work in Section 4.2.
4.1. Fragmentation and Multiplicity
4.1.1. Formation of Isolated Massive Stars versus
Protoclusters via Turbulent Fragmentation
In this work we showed that the dynamic state of mas-
sive pre-stellar cores, as described by their virial param-
eter that compares the core’s kinetic energy to its grav-
itational potential energy, affects the accretion history
of massive stars and core fragmentation into compan-
ion stars. Specifically, we find that virialized cores for
the initial conditions chosen in this work undergo hi-
erarchical turbulent fragmentation up until t ∼ 0.6 tff ,
when radiative heating from the massive star becomes
significant. This results in a small cluster that contains
one massive star with several low-mass companions. In
contrast, we find that highly subvirial cores undergo
rapid, monolithic collapse that yields higher accretion
rates onto massive stars and no turbulent core fragmen-
tation into companion stars. When the star is suffi-
ciently massive the enhanced radiative heating, in com-
parison to run Vir, heats up the core material and there-
fore suppresses fragmentation. Therefore, we conclude
that subvirial cores are more likely to form massive stars
with higher accretion rates at the onset of core collapse
than virialized cores that have similar physical proper-
ties (e.g., surface density, mass, and density profile) and
that the lower degree of turbulence in subvirial cores
likely result in less turbulent fragmentation for subvirial
cores. Our results suggest that star clusters that host at
least one massive star may have originated from cores
that have a greater degree of turbulence at the onset
of collapse and that wide companion stars form either
coevally or at a later stage after the birth of massive
protostars in agreement with observations (Zhang et al.
2015; Pillai et al. 2019).
Similarly, Fontani et al. (2018) studied the early
collapse of massive supercritical magnetized cores
with different initial virial parameters and magnetic
field strengths by performing a suite of radiation-
magnetohydrodynamic simulations and found that frag-
mentation is inhibited for clumps with low turbulence
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Figure 12. Mass-weighted 3D velocity dispersion (σ3D; top row) and temperature (Tc; bottom row) of the core in runs SubVir
(teal solid lines) and Vir (pink dashed lines) as a function of primary stellar mass (left column) and simulation time (right
column).
(M . 3) regardless of the magnetic field strength in
agreement with run SubVir presented in this work
(M = 1.7). They conclude that magnetized cores with
a high initial turbulence (M ∼ 6) undergo fragmen-
tation but that the number of fragments that form
is larger for weakly magnetized cores. They conclude
that the turbulent state of the core is more important
than magnetic fields in determining whether the core
will fragment into a small cluster or not but that the
degree of fragmentation and distribution of fragments
does depend on the magnetic field strength. Similarly,
in the absence of magnetic fields we find that signif-
icant fragmentation also occurs in massive cores with
weaker initial turbulence (M ∼ 4.5, run Vir presented
in this work) leading to the formation of a small cluster
in which ∼ 9 low-mass companion stars are formed via
turbulent fragmentation.
The simulations presented here and in Fontani et al.
(2018) only explore a small parameter space of mas-
sive pre-stellar cores, however observed massive dense
cores span a wide range of physical properties. Based
on our results that the initial turbulence of these cores
affect fragmentation we expect that weakly subvirial
cores with α > 0.14, the initial value used for run
SubVir, should undergo fragmentation but to a lesser
degree than virialized cores. In agreement, observations
of massive star-forming cores show a diverse population
of fragments. Beuther et al. (2018) studied 20 evolved
high-mass star-forming regions that host at least one
young massive stellar object (MYSO; i.e., M? & 8 M)
and found that these clumps have diverse fragmentation
morphologies ranging from regions that are dominated
by single evolved high-mass cores to those that fragment
up to 20 cores. They conclude that the diversity in frag-
mentation of evolved massive-star forming clumps de-
pends on the clump’s dynamic state, which depends on
the interplay of self-gravity, turbulence, magnetic fields,
and heating from stellar feedback that can suppress frag-
mentation. Hence, one way to possibly identify mas-
sive stars that form from highly subvirial cores would
be to find young, embedded massive stars that have no
long distance companions but close-in companions due
to disk fragmentation (Kratter & Matzner (2006), see
Section 4.1.2).
4.1.2. Formation of Close-In Companion Stars via Disk
Fragmentation
Turbulent fragmentation is likely responsible for wide
binaries but ∼ 80% of O-stars (M? & 16 M) are found
in close-in multiple binaries with separations . 700 AU
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and a flat mass-ratio, q = M2/M1, distribution where
M1 (M2) is the primary (secondary) stellar mass (Sana
et al. 2012, 2014). This large binary fraction may origi-
nate from the formation process via disk fragmentation
rather than by direct capture (Kratter & Matzner 2006).
In agreement with this scenario, we find close-in com-
panion stars form via disk fragmentation at late times
regardless of the initial virial state of the core. We find
that the companion stars formed via disk fragmentation
at the end of the simulations presented in this work have
M2 M1 resulting in extreme mass ratios.
In agreement with our results, recent observational
studies have now found asymmetric, fragmented Keple-
rian accretion disks around massive proto-O stars. Zap-
ata et al. (2019) found a binary system of compact dusty
objects that are separated by ≈300 AU in projection at
the center of an asymmetric accretion disk of size ≈ 1200
AU. They conclude that the primary massive proto-O
star has a stellar mass of ∼ 20 M and its low-mass
companion likely has a mass within 0.2− 2 M yielding
a mass ratio of q ≈ 0.01−0.1. Similarly, Ilee et al. (2018)
observed the G11.92-0.61 system with ALMA and found
a fragmented disk around a ∼ 34 ± 5 M proto-O star
with a low-mass companion star with mass . 0.6 M
yielding a mass ratio of q ∼ 0.015. These studies are the
first to observe the formation of a binary star via disk
fragmentation around a young proto O-star.
The extreme mass ratio observed in these objects sug-
gest that disk fragmentation into low-mass companions
can occur when the primary star is substantially mas-
sive in agreement with the simulations presented in this
work and numerical work by Meyer et al. (2018). As
these systems evolve, the secondary can become more
massive by accreting disk material or merge with other
fragments so that it becomes massive enough to resist
being dragged inward by the primary star. Further ac-
cretion onto the secondary, if it begins to grow faster
than the primary, can then push the mass-ratio from
an extremely low-value at the onset of disk fragmenta-
tion to q ≈ 1 at late times after the core has been ex-
hausted (Krumholz et al. 2009) consistent with observa-
tions (e.g., Chini et al. 2012; Sana et al. 2014; Pomohaci
et al. 2019). For example, Duffell et al. ((in prep) find
that binary systems with initial extreme mass ratios,
q  1 can be pushed to higher values of q as the binary
system accretes material from the disk because the ac-
cretion onto the secondary can be as much as a factor
of 10 larger than the primary star’s accretion rate push-
ing the system to a higher mass ratio. However, we are
unable to follow the long-term growth of the low-mass
companion stars or further disk fragmentation into ad-
ditional companion stars due to the high computational
cost2 of the simulations presented in this work.
Additionally, the growth of disk-borne stars is also
sensitive to our merging criteria for star particles. In
this work we only allow two sink particles to merge when
the lower mass particle has a mass less than 0.04 M.
Hence, this strict criterion for particle merging may lead
to an over abundance of very low-mass companion stars
as discussed in Paper I. This assumption in merging
sink particles may lead us to predict a higher multiplicity
for the massive system formed in run Vir as compared
to SubVir because we see that in Figure 7, many of the
low-mass companion stars that are formed in the disk
at late times would merge if our merging criteria had
no mass dependence. A more lenient prescription of our
merging criteria such as allowing sinks to merge if they
pass within one accretion radius of each other (80 AU),
as was done in Krumholz et al. (2009), would lead to
a lower number of higher mass companion stars that
may be more consistent with observations of massive
multiple stellar systems. In light of these limitations, we
are unable to conclude if such massive multiple stellar
systems are formed quickly via disk fragmentation and
accretion or via capture due to dynamical interactions
in clustered environments.
In the simulations presented here we treat the stars
as accreting sink particles with an 80 AU accretion zone
and therefore we are not able to follow if such objects
are disrupted via shear motions on smaller scales in the
accretion disk. For comparison, Meyer et al. (2018) per-
formed similar simulations of disk fragmentation around
massive protostars to study disk fragmentation with a
much higher spatial resolution. By using a spherically
symmetric domain in which the resolution increases log-
arithmically from the origin they attain sub-au resolu-
tion closest to the massive star and < 10 AU resolution
in the ∼ 500 AU region of their domain. They find
that fragments that form via gravitational instability
are not disrupted by shear motions in the accretion disk
at these size scales and continue to grow via accretion
like the companion stars formed in this work. Hence,
we expect that the companion stars that form via disk
fragmentation will likely survive the shear forces in the
accretion disk unless the fragments, before sink creation,
is significantly close to the star where the shear is high.
2 The simulations presented in this work each took ≈ few ×105
CPU hours to run, with a significant fraction of the time spent on
the final few kyr. This is because at late times the intense luminos-
ity from the primary star yields such strong radiative accelerations
such that the timestep, set by the Courant condition, decreases
drastically thereby making advancing the simulation prohibitively
expensive.
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4.2. Caveats and Future Work
In this work, we have omitted two potentially impor-
tant effects. The first is that massive cores are magne-
tized and therefore magnetic pressure may be dynam-
ically important during core collapse. The second is
that we neglect other feedback mechanisms such as mag-
netically launched collimated outflows and photoioniza-
tion, which will also affect the growth rate of massive
stars and core fragmentation. We also note that simu-
lations presented in this work focus on the collapse of
very dense massive star-forming cores (Σ = 1 g cm−3)
and are therefore more representative of cores that sam-
ple the high density end of massive star formation since
massive stars form in cores and clumps with surface den-
sities that range from Σ ∼ 0.1 − 1 g cm−3 (Krumholz
& Tan 2007; Tan et al. 2014). Hence, our choice to ne-
glect magnetic fields and chosen initial conditions are
biased towards faster collapse time scales and higher
accretion rates than those typically observed in most
galactic massive star forming regions that have accre-
tions rates of ∼ 10−5−10−4 M yr−1 and collapse time
scales of ∼ 105 yr thereby yielding higher star formation
efficiencies (SFEs) per free-fall time than those typically
observed (Zhang et al. 2015).
Magnetic support in cores can slow down their col-
lapse, reduce fragmentation, and result in lower accre-
tion rates onto stars thereby reducing the SFE of mas-
sive pre-stellar cores (Myers et al. 2014; Burkhart et al.
2015). Observations of molecular clouds find that they
are super-critical (µφ & 1 where µφ is the mass-to-flux
ratio) concluding that gravity dominates over magnetic
pressure in molecular clouds (Troland & Crutcher 2008;
Crutcher et al. 2010). In addition, most observed mas-
sive dense cores are highly super-critical (µφ  1). For
example, Girart et al. (2013) studied the evolved mas-
sive dense core DR 21(OH) and found µφ ≈ 6 whereas
its parent filament has a lower value of µφ ≈ 3.4. Addi-
tionally, Ching et al. (2017) studied several more cores
in this filament and found that all cores are roughly or
highly super-critical with µφ ≈ 1 − 4.3). Hence, their
results suggest that as filaments and clumps collapse to
form dense cores gravity can become even more impor-
tant making magnetic regulated collapse subdominant.
In addition to gravity, turbulence can also dominate
over magnetic pressure in massive cores and clumps.
Both numerical simulations and observations have
shown that on large scales (i.e., l & 0.1−100 pc) the ISM
is largely sub-Alfve´nic whereas on smaller size scales,
such as the size scales of dense cores (e.g., 0.01 . l . 0.1
pc), molecular gas becomes super-Alfve´nic with typical
values of MA ≈ 2 − 3 suggesting that turbulence may
dominate over magnetic fields in most massive star
forming cores (Hull et al. 2017; Zhang et al. 2019; Hull
& Zhang 2019). However, there are a few cases in which
the massive core is super-critical but sub-Alfve´nic. For
example, Liu et al. (2018b) studied the massive c8 core
(∼ 200 M) in G035.39-00.33 and found that the mag-
netic field structure of c8 has an hour glass morphology
that arises from the field lines being dragged in as the
core forms due to filament collapse. This effect increases
the magnetic pressure in the inner core causing it to have
an infall velocity smaller than the core envelope. Like-
wise, Zhang et al. (2014) found that the magnetic field
orientation in massive star forming regions ranges from
ordered hour-glass configurations likely owing to strong
magnetic fields to more chaotic distributions that are
a result of weak magnetic fields. They also found that
the magnetic field throughout the clump shows prefer-
ential alignment and aligns from the clump to the core
scale. Their results suggest that at least qualitatively
the field may be dynamically important. However, a
more complete statistical sample is required to deter-
mine if cores are preferentially sub- or super-Alfve´nic
(Hull & Zhang 2019). Strong magnetic fields will also
affect clump fragmentation and protocluster formation.
Fontani et al. (2018) concluded that cores that show
fragments distributed in a filamentary-like structure are
likely characterized by a strong magnetic field. Hence,
future work requires including magnetic fields and sim-
ulating the collapse of sub- and super-Alfve´nic cores to
determine how the magnetic field and its relative im-
portance to gravity and turbulence affects the growth
rate of massive stars and the fragmentation properties
of collapsing massive dense cores.
The simulations presented in this work also neglected
how feedback from collimated outflows and photoion-
ization affects the accretion history of massive stars and
fragmentation of massive cores. Outflows are magnet-
ically launched and present during the accretion phase
for both low-mass and high-mass star formation with
typical mass-loss rates of∼ 10−30% of the accretion rate
(Arce et al. 2007; Carrasco-Gonza´lez et al. 2010, 2015;
Maud et al. 2015). The presence of outflows will reduce
the growth history of accreting massive stars yielding
lower SFEs for massive pre-stellar cores and therefore
reduce the evolutionary effect of radiative heating in the
collapsing core since the presence of outflows provides an
avenue for the the radiative flux to escape (Cunningham
et al. 2011). Such an effect will lead to a higher degree
of thermal fragmentation, potentially resulting in more
companion stars to the massive star regardless of the
initial virial state of the pre-stellar core.
Photoionization, on the other hand, will only become
important when the star is sufficiently massive and com-
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pact enough to generate a large amount of photoionizing
radiation to produce an ultra compact HII region and
this occurs at M? ∼25-35 M (Hosokawa & Omukai
2009; Kuiper & Hosokawa 2018). Recent RHD simula-
tions of massive star formation by Kuiper & Hosokawa
(2018) that includes radiation pressure, outflows, and
photoionization found that the larger thermal pressure
from the resulting ionized gas (T = 104 K) can actually
enhance accretion onto the star when photoionization
first becomes important. They also show that photoion-
ization feedback broadens the outflow cavities but does
not limit disk accretion onto the star. Instead, they
conclude that radiation feedback on dust at late times
is responsible for reducing the gravitational infall of core
material onto the circumstellar disk and eventually cuts
off accretion. Hence, outflow and photoionization feed-
back likely does not shut off mass accretion onto massive
stars but these feedback components will aid in reducing
the accretion rate onto massive stars.
Finally, we note that modeling the collapsing cores as
isolated objects is an oversimplification since observed
massive cores and clumps are typically found in embed-
ded, dynamical environments that may feed the cores’
material as they collapse (e.g., Avison et al. 2019). This
type of environment may affect the fragmentation and
collapse of such cores. However, the simulations pre-
sented in this work provide a crucial first step in under-
standing how the dynamic state of massive pre-stellar
cores and stellar feedback affects the growth rate of mas-
sive stars and core fragmentation. In future work we will
also address the concerns presented above by including
magnetic fields and feedback from protostellar outflows
in addition to radiation pressure to further understand
how the dynamic state of the pre-stellar core affects the
formation history and multiplicity of massive stars.
5. CONCLUSIONS
In this work we performed 3D RHD simulations of
the collapse of turbulent massive pre-stellar cores that
are identical in every way except for their initial virial
state to determine how the dynamic state of massive
pre-stellar cores affects the formation history of mas-
sive stars, core fragmentation, and the multiplicity of
massive stellar systems. To address these questions we
modeled the collapse of a highly subvirial core with
αvir = 0.14 and a roughly virialized core with αvir = 1.1.
Our simulations included radiation feedback from both
the direct stellar and dust-reprocessed radiation fields
inherent to massive star formation owing to the massive
star’s large luminosity as it is actively accreting. We
note that the simulations presented in this work neglect
magnetic fields and outflow feedback that are ubiqui-
tous in massive star forming regions. However, we will
address these physical processes in future work to de-
termine how these processes further affect the growth of
massive stars and fragmentation of massive cores.
Our main results are summarized as follows. We find
that subvirial cores undergo a fast global collapse lead-
ing to higher accretion rates, by up to a factor of ∼ 2,
onto the massive star as compared to the accretion rates
obtained from the gradual inside-out collapse of virial-
ized cores. Additionally, we find that virialized cores
undergo significant turbulent fragmentation into com-
panion stars at early times owing to their greater degree
of turbulence (i.e., higher M). The faster growth rate
of massive stars that originate from less turbulent, sub-
virial cores leads to higher stellar luminosities at earlier
times and therefore enhances the radiative heating from
both the direct stellar and indirect dust-reprocessed ra-
diation fields, thereby suppressing turbulent fragmenta-
tion. We also find that the global gravitational collapse
of subvirial cores and gradual inside out collapse of viri-
alized cores increases the velocity dispersion of massive
cores in agreement with observations (Traficante et al.
2018a). Furthermore, radiative feedback from massive
stars also increases the averaged mass-weighted velocity
dispersion and temperature of massive cores.
Regardless of the core’s initial virial state, we find that
an optically thick accretion disk forms around the mas-
sive star and supplies material to the star, especially at
late times when radiation pressure has driven radiation
pressure dominated bubbles above and below the accre-
tion disk. We also note that the accretion disk forms
around the massive star earlier for virialized initial con-
ditions because of the core’s larger angular momentum
content and the disk is much larger in size at late times
as compared to the accretion disk that forms around the
massive star in our subvirial run. At late times, the ac-
cretion disk undergoes disk fragmentation forming close-
in low mass companions regardless of the core’s initial
virial state yielding multiple systems.
Software: yt, (Turketal.2011),ORION (Lietal.2012),
HARM2 (Rosen et al. 2017)
ACKNOWLEDGEMENTS
The authors thank the anonymous referee for their
advice and suggestions which greatly improved the
manuscript. A.L.R. acknowledges support from NASA
through Einstein Postdoctoral Fellowship grant num-
ber PF7-180166 awarded by the Chandra X-ray Center,
which is operated by the Smithsonian Astrophysical Ob-
servatory for NASA under contract NAS8-03060. PSL
acknowledges support by NASA through a NASA ATP
grant NNX17AK39G. B.B. acknowledges support from
Massive Star Formation from Subvirial and Virialized Collapse 21
the Simons Foundation. A.L.R would like to thank Alyssa Goodman, Phil Myers, and Alessio Traficante
for insightful conversations regarding this work.
REFERENCES
Adams, M., Colella, P., Graves, D. T., et al. 2015, Chombo
Software Package for AMR Applications - Design
Document, Tech. Rep. LBNL-6616E, Lawrence Berkeley
National Laboratory, technical Report
Arce, H. G., Shepherd, D., Gueth, F., et al. 2007,
Protostars and Planets V, 245
Avison, A., Fuller, G. A., Peretto, N., et al. 2019,
submitted to A&A
Bastien, P. 1983, A&A, 119, 109
Battersby, C., Ginsburg, A., Bally, J., et al. 2014, ApJ,
787, 113
Bertoldi, F., & McKee, C. F. 1992, ApJ, 395, 140
Beuther, H., Leurini, S., Schilke, P., et al. 2007, A&A, 466,
1065
Beuther, H., Schilke, P., Menten, K. M., et al. 2002, ApJ,
566, 945
Beuther, H., Mottram, J. C., Ahmadi, A., et al. 2018,
A&A, 617, A100
Beuther, H., Ahmadi, A., Mottram, J. C., et al. 2019,
A&A, 621, A122
Boldyrev, S. 2002, ApJ, 569, 841
Bonnell, I. A., & Bate, M. R. 2006, MNRAS, 370, 488
Bonnell, I. A., Bate, M. R., Clarke, C. J., & Pringle, J. E.
2001, MNRAS, 323, 785
Burkhart, B., Collins, D. C., & Lazarian, A. 2015, ApJ,
808, 48
Butler, M. J., & Tan, J. C. 2012, ApJ, 754, 5
Cao, Y., Qiu, K., Zhang, Q., et al. 2019, arXiv e-prints,
arXiv:1901.06475
Carrasco-Gonza´lez, C., Rodr´ıguez, L. F., Anglada, G., et al.
2010, Science, 330, 1209
Carrasco-Gonza´lez, C., Torrelles, J. M., Canto´, J., et al.
2015, Science, 348, 114
Caselli, P., & Myers, P. C. 1995, ApJ, 446, 665
Chandrasekhar, S. 1961, Hydrodynamic and hydromagnetic
stability
Ching, T.-C., Lai, S.-P., Zhang, Q., et al. 2017, ApJ, 838,
121
Chini, R., Hoffmeister, V. H., Nasseri, A., Stahl, O., &
Zinnecker, H. 2012, MNRAS, 424, 1925
Cho, J., & Lazarian, A. 2003, MNRAS, 345, 325
Contreras, Y., Sanhueza, P., Jackson, J. M., et al. 2018,
ApJ, 861, 14
Crutcher, R. M., Wandelt, B., Heiles, C., Falgarone, E., &
Troland, T. H. 2010, ApJ, 725, 466
Cunningham, A. J., Klein, R. I., Krumholz, M. R., &
McKee, C. F. 2011, ApJ, 740, 107
Duffell, P. C., D’Orazio, D., Derdzinski, A., et al. (in prep)
Fontani, F., Commerc¸on, B., Giannetti, A., et al. 2018,
ArXiv e-prints, arXiv:1804.02429
Galva´n-Madrid, R., Liu, H. B., Zhang, Z.-Y., et al. 2013,
ApJ, 779, 121
Ginsburg, A., Bally, J., Battersby, C., et al. 2015, A&A,
573, A106
Ginsburg, A., Bally, J., Barnes, A., et al. 2018, ApJ, 853,
171
Girart, J. M., Frau, P., Zhang, Q., et al. 2013, ApJ, 772, 69
Goddi, C., Ginsburg, A., Maud, L., Zhang, Q., & Zapata,
L. 2018, arXiv e-prints, arXiv:1805.05364
Goldreich, P., & Sridhar, S. 1995, ApJ, 438, 763
Henshaw, J. D., Caselli, P., Fontani, F., et al. 2016,
MNRAS, 463, 146
Hosokawa, T., & Omukai, K. 2009, ApJ, 691, 823
Hull, C. L. H., & Zhang, Q. 2019, Frontiers in Astronomy
and Space Sciences, 6, 3
Hull, C. L. H., Mocz, P., Burkhart, B., et al. 2017, ApJL,
842, L9
Ilee, J. D., Cyganowski, C. J., Brogan, C. L., et al. 2018,
ApJL, 869, L24
Jacquet, E., & Krumholz, M. R. 2011, ApJ, 730, 116
Jeans, J. H. 1902, Philosophical Transactions of the Royal
Society of London Series A, 199, 1
Kainulainen, J., & Tan, J. C. 2013, A&A, 549, A53
Kauffmann, J., Pillai, T., & Goldsmith, P. F. 2013, ApJ,
779, 185
Kowal, G., & Lazarian, A. 2010, ApJ, 720, 742
Kowal, G., Lazarian, A., & Beresnyak, A. 2007, ApJ, 658,
423
Kratter, K. M., & Matzner, C. D. 2006, MNRAS, 373, 1563
Kratter, K. M., Matzner, C. D., & Krumholz, M. R. 2008,
ApJ, 681, 375
Krumholz, M. R., Klein, R. I., McKee, C. F., & Bolstad, J.
2007, ApJ, 667, 626
Krumholz, M. R., Klein, R. I., McKee, C. F., Offner,
S. S. R., & Cunningham, A. J. 2009, Science, 323, 754
Krumholz, M. R., McKee, C. F., & Klein, R. I. 2004, ApJ,
611, 399
Krumholz, M. R., & Tan, J. C. 2007, ApJ, 654, 304
Krumholz, M. R., & Thompson, T. A. 2012, ApJ, 760, 155
Kuiper, R., & Hosokawa, T. 2018, A&A, 616, A101
22 Rosen et al.
Kuiper, R., Klahr, H., Beuther, H., & Henning, T. 2011,
ApJ, 732, 20
Larson, R. B., & Starrfield, S. 1971, A&A, 13, 190
Lejeune, T., Cuisinier, F., & Buser, R. 1997, A&AS, 125,
229
Li, P. S., Martin, D. F., Klein, R. I., & McKee, C. F. 2012,
ApJ, 745, 139
Liu, M., Tan, J. C., Cheng, Y., & Kong, S. 2018a, ArXiv
e-prints, arXiv:1806.02213
Liu, T., Li, P. S., Juvela, M., et al. 2018b, ApJ, 859, 151
Longmore, S. N., Pillai, T., Keto, E., Zhang, Q., & Qiu, K.
2011, ApJ, 726, 97
Lu, X., Zhang, Q., Wang, K., & Gu, Q. 2015, ApJ, 805, 171
Maud, L. T., Moore, T. J. T., Lumsden, S. L., et al. 2015,
MNRAS, 453, 645
McKee, C. F., & Tan, J. C. 2003, ApJ, 585, 850
Meyer, D. M.-A., Kuiper, R., Kley, W., Johnston, K. G., &
Vorobyov, E. 2018, MNRAS, 473, 3615
Motte, F., Bontemps, S., Schilke, P., et al. 2007, A&A, 476,
1243
Mueller, K. E., Shirley, Y. L., Evans, II, N. J., & Jacobson,
H. R. 2002, ApJS, 143, 469
Myers, A. T., Klein, R. I., Krumholz, M. R., & McKee,
C. F. 2014, MNRAS, 439, 3420
Myers, A. T., McKee, C. F., Cunningham, A. J., Klein,
R. I., & Krumholz, M. R. 2013, ApJ, 766, 97
Offner, S. S. R., Klein, R. I., McKee, C. F., & Krumholz,
M. R. 2009, ApJ, 703, 131
Padoan, P., Juvela, M., Goodman, A. A., & Nordlund, A˚.
2001, ApJ, 553, 227
Padoan, P., & Nordlund, A˚. 1999, ApJ, 526, 279
—. 2002, ApJ, 576, 870
Palau, A., Ballesteros-Paredes, J., Va´zquez-Semadeni, E.,
et al. 2015, MNRAS, 453, 3785
Pillai, T., Kauffmann, J., Wyrowski, F., et al. 2011, A&A,
530, A118
Pillai, T., Kauffmann, J., Zhang, Q., et al. 2019, arXiv
e-prints, arXiv:1901.07582
Plume, R., Jaffe, D. T., Evans, II, N. J., Mart´ın-Pintado,
J., & Go´mez-Gonza´lez, J. 1997, ApJ, 476, 730
Pomohaci, R., Oudmaijer, R. D., & Goodwin, S. P. 2019,
MNRAS, 484, 226
Rosen, A. L., Krumholz, M. R., McKee, C. F., & Klein,
R. I. 2016, MNRAS, 463, 2553
Rosen, A. L., Krumholz, M. R., Oishi, J. S., Lee, A. T., &
Klein, R. I. 2017, Journal of Computational Physics, 330,
924 , submitted to Journal of Computational Physics,
arXiv:1607.01802
Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science,
337, 444
Sana, H., Le Bouquin, J.-B., Lacour, S., et al. 2014, ApJS,
215, 15
Sa´nchez-Monge, A´., Palau, A., Fontani, F., et al. 2013,
MNRAS, 432, 3288
Semenov, D., Henning, T., Helling, C., Ilgner, M., &
Sedlmayr, E. 2003, A&A, 410, 611
Shu, F. H. 1977, ApJ, 214, 488
Smith, R. J., Longmore, S., & Bonnell, I. 2009, MNRAS,
400, 1775
Stutz, A. M., & Gould, A. 2016, A&A, 590, A2
Tan, J. C., Beltra´n, M. T., Caselli, P., et al. 2014,
Protostars and Planets VI, 149
Tan, J. C., Kong, S., Butler, M. J., Caselli, P., & Fontani,
F. 2013, ApJ, 779, 96
Toomre, A. 1964, ApJ, 139, 1217
Tout, C. A., Pols, O. R., Eggleton, P. P., & Han, Z. 1996,
MNRAS, 281, 257
Traficante, A., Fuller, G. A., Peretto, N., Pineda, J. E., &
Molinari, S. 2015, MNRAS, 451, 3089
Traficante, A., Fuller, G. A., Smith, R. J., et al. 2018a,
MNRAS, 473, 4975
Traficante, A., Duarte-Cabral, A., Elia, D., et al. 2018b,
MNRAS, 477, 2220
Troland, T. H., & Crutcher, R. M. 2008, ApJ, 680, 457
Truelove, J. K., Klein, R. I., McKee, C. F., et al. 1997,
ApJL, 489, L179
Turk, M. J., Smith, B. D., Oishi, J. S., et al. 2011, ApJS,
192, 9
Urquhart, J. S., Ko¨nig, C., Giannetti, A., et al. 2018,
MNRAS, 473, 1059
Wang, K., Zhang, Q., Testi, L., et al. 2014, MNRAS, 439,
3275
Weingartner, J. C., & Draine, B. T. 2001, ApJ, 548, 296
Williams, G. M., Peretto, N., Avison, A., Duarte-Cabral,
A., & Fuller, G. A. 2018, A&A, 613, A11
Wolfire, M. G., & Cassinelli, J. P. 1987, ApJ, 319, 850
Yorke, H. W., & Sonnhalter, C. 2002, ApJ, 569, 846
Zapata, L. A., Garay, G., Palau, A., et al. 2019, ApJ, 872,
176
Zhang, Q., Wang, K., Lu, X., & Jime´nez-Serra, I. 2015,
ApJ, 804, 141
Zhang, Q., Wang, Y., Pillai, T., & Rathborne, J. 2009,
ApJ, 696, 268
Zhang, Q., Qiu, K., Girart, J. M., et al. 2014, ApJ, 792, 116
Zhang, Y., Guo, Z., Wang, H. H., & Li, H. 2019, arXiv
e-prints, arXiv:1901.03964
Zhang, Y., & Tan, J. C. 2015, ApJL, 802, L15
